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Abstract 
Water is the most abundant chemical constituent of the human body, typically making up 
approximately two thirds of body mass, but body water content is maintained within relatively 
narrow limits by a number of regulatory mechanisms. Both a reduction (hypohydration) and increase 
(hyperhydration) in body water may, if sufficiently severe, lead to adverse health and performance 
consequences. Active lifestyles, warm climates, and high altitude, as well as some infectious 
illnesses, increase the likelihood of becoming hypohydrated due to an increase in water loss. 
Moderate reductions in body water result in changes in cardiovascular system function as well as 
altering cognitive function and mood. A significant number of elite athletes, recreational exercisers 
and those with active occupations begin their daily activities in a hypohydrated state and incur large 
sweat losses during periods of activity, and thus risk negative effects on physiological function. 
Sweat rate and fluid intake during physical exertion are highly variable between individuals 
suggesting that an individual hydration strategy may be necessary to avoid significant levels of 
hypohydration. Rehydration after the completion of physical activity may also be necessary to avoid 
starting further bouts of activity in a hypohydrated state. Undertaking physical activity in a 
hypohydrated state appears to increase an individual’s perceived exertion which may negatively 
influence exercise performance and self-selected exercise intensity, and may decrease the likelihood 
of further participation in physical activity. This is, therefore, an important consideration for public 
health as well as competitive sportspeople, be they elite or otherwise. Certain populations, such as 
the elderly, are more likely to become hypohydrated which may lead to other illnesses and 
contribute to morbidity and mortality. 
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Key points 
Body water content is normally maintained within narrow limits by regulatory mechanisms affecting 
both intake and loss. Water balance is intimately linked with salt balance to regulate osmolality of 
body water compartments. 
The physiological mechanisms that govern intake may be over-ridden by conscious control, resulting 
in disturbances of water and salt balance. 
Transient modest disturbances in water balance are common and of little or no consequence. Both a 
reduction (hypohydration) and increase (hyperhydration) in body water content may, if sufficiently 
severe, lead to adverse effects on health and performance. 
Water losses are increased by exercise and warm environments, but responses are highly individual. 
Undertaking physical activity in a hypohydrated state appears to increase an individual’s perceived 
exertion which may negatively influence exercise performance and self-selected exercise intensity, 
and may decrease the likelihood of further participation in physical activity.  
Certain populations, such as the elderly, are more likely to become hypohydrated which may lead to 
other illnesses and contribute to morbidity and mortality. 
 
Abbreviations 
ANP atrial natriuretic peptide 
AVP arginine vasopressin 
EFSA European Food Safety Authority 
mL millilitre 
mosm milliosmole  
RPE Rating of Perceived Exertion 
VO2max  maximum oxygen uptake 
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1. Background 
Water is the most abundant component in the human body, except in the very obese, making up 
about 50-70% of body mass. Approximately two thirds of this water is found in intracellular 
compartments with the remaining third in extracellular compartments. Within the extracellular 
compartment, water is found in the interstitial fluid (approximately 15% of body mass) and the 
blood plasma (5% body mass). Despite the abundance of water in the human body, it is kept within 
relatively narrow limits. Euhydration is defined as a “normal” body water content, usually denoted 
by a plasma osmolality between 280 and 290 mosmol/kg although this increases with age (Institute 
of Medicine, 2005). The body water content fluctuates over the day as losses are continuous and 
intake is episodic, but it is normally maintained within about  ±0.2% of body mass in temperate 
conditions and within ±0.5% when in the heat or during exercise (Greenleaf, 1992). Individuals are 
considered to be hypohydrated or hyperhydrated if values fall outwith these limits. Both of these 
conditions, if sufficiently severe, can impair all aspects of physiological function and may prove fatal 
in extreme cases. 
2. Water balance 
Water balance is achieved when water intake matches water losses, but water intake is episodic 
whereas water losses are continuous, so water balance fluctuates throughout the course of a day. 
Over a 24 hour period, water balance is generally maintained through normal physiological function. 
Avenues of water intake include fluid consumed through drinking and that found in ingested food 
with a small proportion generated via oxidative metabolism (Table 1). At rest and in temperate 
environments the main avenue of fluid loss is via urine production with some water lost via 
respiration, skin loss, sweating and faecal loss. During exercise and in hot environments, a greater 
proportion of water is lost via sweating in order to limit the rise of core temperature that occurs in 
these situations. 
 
<Table 1 around here> 
 
Urine production is regulated by hormones including arginine vasopressin (AVP), aldosterone and 
atrial natriuretic peptide (ANP). AVP is secreted from the posterior pituitary and acts on the 
collecting ducts of the kidney to increase water reabsorption, leading to production of small volumes 
of concentrated urine. The main physiological factors that initiate the secretion of AVP are an 
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increase in in plasma osmolality and a decrease in blood volume. A 1 mosm/kg change in plasma 
osmolality results in a 0.41 pmol/L change in AVP (Baylis, 1987) and a 3 mosm/kg change in plasma 
osmolality results in a 250 mosm/kg change in urine osmolality (Robertson, 1974). A change in blood 
volume of 7-10% is required for similar magnitudes of change in urine osmolality making plasma 
osmolality the main determinant of AVP release (Baylis, 1987). The renin-angiotensin aldosterone 
system is also activated in response to decreases in blood volume, with aldosterone acting on the 
collecting ducts of the kidney to increase sodium reabsorption which, in turn, leads to water 
reabsorption and the production of small volumes of concentrated urine. ANP is secreted from the 
right atrium in response to increased blood volume and leads to decreases in sodium reabsorption in 
the nephron and also inhibits renin secretion, leading in turn to an increase in urine sodium content 
and urine volume. 
One of the main drivers for fluid intake is thirst, though much drinking behaviour is dictated by habit 
rather than stimulus-driven. Thirst is the result of a complex interaction between physiological, 
psychological and behavioural factors (Adolph, 1954). Changes in plasma osmolality and blood 
volume are thought to play important roles in the thirst response, thus the same factors that 
regulate water loss are also involved in water intake. Animal models have suggested that substances 
such as angiotensin 2, bradykinin and serotonin may also be involved in the thirst response. 
Recently, there have been some suggestions that genetic factors may also account for some 
variation in thirst response between individuals, although the picture is not entirely clear at present 
(Saunders et al. 2006; Yau et al. 2015). Generally, thirst is considered to be a poor indicator of short 
term deviations in body water, given observations that unlimited access to drinks after periods of 
fluid restriction tends not to fully restore water losses (Shirreffs et al. 2004) and rapid fluid ingestion 
in these circumstances appears to alleviate the perception of thirst before euhydration is restored 
and before major changes in circulating osmolality are observed (Rolls et al. 1980). The thirst 
response is considered, however, to be sufficient to restore body water levels over longer time 
periods. 
The European Food Safety Authority (EFSA) has concluded that adequate total (i.e. water from food 
and fluid) daily water intake is 2.0 litres for an average adult female and 2.5 litres for an average 
adult male. Different adequate total water intakes are reported by the Institute of Medicine in the 
United States with values reported as 2.7 litres and 3.7 litres for adult females and males 
respectively. The values reported by these bodies are an average (or median) volume consumed by 
healthy adults and are, therefore, classed as adequate intakes rather than recommended intakes. 
Considerable variation in the volumes of water and other beverages habitually consumed by healthy 
adults is observed. For physically active individuals that will lose greater volumes of water via 
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sweating, which is exacerbated in hot environments, achieving the adequate intakes reported is not 
a guarantee that water intake is sufficient for that individual. It is likely, however, that water intake 
throughout the day will match water losses due to a combination of habitual fluid intake and the 
individual’s thirst response driving further fluid intake.  
 
3. Sweating, water balance and water turnover 
At rest, metabolic heat production is approximately 60 watts, but metabolic demand increases in a 
linear fashion and can reach 1 kilowatt during activities such as marathon running. This metabolic 
heat must be dissipated in order to avoid large increases in core temperature and this is met largely 
by an increase in sweat rate. The main factors that determine sweat rate are exercise intensity, 
duration and frequency as well as the environment in which physical activity is undertaken.  
In recent years, a large number of studies have been undertaken to measure pre-exercise hydration 
status and to assess sweat rate loss and fluid replacement in physically active individuals. Most of 
these studies have focussed on elite athletes undertaking training sessions and/or competitive 
events in different environmental conditions. Maughan et al. (2004) studied elite football players 
during a training session in warm conditions and observed a median pre-exercise urine osmolality of 
666 mosm/kg with a range of 103 to 1254 mosm/kg. During exercise, median fluid intake was 971 
mL with a range of 265 to 1661 mL and percentage body mass loss was 1.4 % with a range of 0.5 – 
2.6%. In a similar study performed in a cold environment, Maughan et al. (2005) observed that pre-
exercise urine osmolality was 872 mosm/kg (range: 481 – 1228 mosm/kg), fluid intake was 420 mL 
(range: 44 – 950 mL) and percentage body mass loss was 1.6 % (range: 0.9 – 2.5%). Similar results 
have been observed during competitive football matches (Maughan et al. 2007) and throughout a 
competitive handball tournament (Cunniffe et al. 2014). These studies demonstrate that some 
individuals are likely to begin exercise in a hypohydrated state, that there are large inter-individual 
differences in sweat rate and fluid intake during exercise and that some individuals are likely to 
become significantly dehydrated by undertaking relatively short but intense periods of physical 
activity. If such results are seen in elite performers with a large professional support team, it is likely 
that recreational athletes also experience similar or greater levels of hypohydration. 
Sweat consists of water, minerals and organic components. Consequently, when sweat rate 
increases during exercise it is not just water that is lost: the main electrolytes lost via sweat are 
sodium and chloride at concentrations of approximately 15-80 mmol/L. There is large inter-
individual variation in the composition of sweat leading to large variations in electrolyte and salt loss 
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between individuals (Maughan et al. 2004; Maughan et al. 2005). Sweat is invariably hypotonic, 
however, and one effect of high sweat rates is to cause an increase in the osmolality of body fluids. 
The variability in sweat rate and sweat composition, in addition to the large individual variability in 
sweat loss, means that a single hydration strategy is not appropriate for all physically active 
individuals and hydration advice should be tailored to the individual in question. 
Body water turnover, or the replacement of water lost over a given period, is approximately 5-10% 
of total body water content per day for a sedentary individual living in a temperate environment, but 
can increase to 20-40% if prolonged exercise is undertaken in a hot environment (Kenefick et al. 
2012). Fractional water turnover is higher in children up to 15 years of age than in adults and higher 
in physically active individuals than in age-matched sedentary individuals (Shimamoto and Komiya, 
2000). Leiper et al. (2001) reported that average median water turnover in a cool environment for a 
group of regular cyclists was 47 ml/kg/d compared to 36 ml/kg/d for a group of age-matched 
sedentary controls, with the difference in water turnover due primarily to non-renal water losses. 
When similar studies (Leiper et al. 1996) were undertaken in temperate environments, water 
turnover rates were higher (4673 ml/d) in recreational joggers than sedentary age-matched controls 
(3256 ml/d) but the difference was due to an increased renal loss rather than differences in sweat 
loss. This suggests that these individuals may have over-estimated their fluid requirements.   
Physical activity comprises both voluntary exercise and occupational activity. In many cases, 
occupational activity may be performed in hot and humid environments or when wearing uniforms 
and/or personal protective equipment that prevent physical heat loss and restrict evaporation of 
sweat. Consequently, undertaking occupational activity in these situations will have an influence on 
hydration status and body water balance. While this may lead to health consequences such as heat 
stroke, it may also affect safety, productivity, worker morale and operating costs. 
Brake (2001) monitored the hydration status, sweat rate and fluid intake of metal and coal miners. In 
a group of 64 miners tested at the start of their shift, only 41% were classed as having “good” or 
“fair” hydration status based on urine specific gravity measurements and were classed as fit to work 
in a thermally stressful environment. The remaining 59% were classed as unfit to work in this 
environment with 9% being classed as “clinically dehydrated”. Further analysis of a cohort of 413 
miners who were tested after the completion of their shift suggested that 86% of these workers 
were adequately hydrated. This would suggest that access to fluids during their working hours was 
sufficient in most cases. In a group of 39 miners, fluid intake over the course of a variety of shift 
lengths averaged 6.5 L with a range of 2.4 to 12.5 L. Analysis of urine specific gravity measures at the 
start, middle and end of the shifts showed no change in hydration status which would suggest that 
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fluid intake was adequate to meet sweat losses in these individuals. In a study of outdoor workers in 
North-West Australia, Miller and Bates (2007) reported that only 21% of 382 urine samples analysed 
before, during and after summer shifts were classed as “adequately hydrated” or “marginally 
adequately hydrated”. 51% of workers were classed as “hypohydrated” with 16% classed as 
“clinically dehydrated”. Similar findings were reported by Bates et al. (2010) when investigating 
expatriate workers in the Middle East during the summer months. Urine samples were collected 
from workers at four different working sites and the percentage of samples classed as 
“hypohydrated” varied from 14 to 31%. Fluid intake in these individuals appeared to be sufficient to 
match sweat losses induced during occupational activity. The previous studies were undertaken in 
relatively high ambient temperatures, but Polkinghorne et al. (2013) recently reported that 58% of 
miners working in temperate conditions were classed as “hypohydrated” both before and after a 
shift. They also noted that miners that began their shift dehydrated were nearly three times more 
likely to end their shift dehydrated than if they started in an adequate hydration state. Interestingly, 
workers that were classed as hypohydrated for the entire shift were more likely to be obese and at 
risk of metabolic complications (as assessed by waist circumference measurements) than those that 
were adequately hydrated for the duration of their shift. 
The evidence described suggests that a degree of hypohydration is common in workers beginning 
demanding occupational physical activity in both temperate and hot environmental conditions. 
While this increases the risk of heat illness as well as having several potential effects on work 
productivity, workers in these situations appear to have adequate access to fluids during the 
working period to match sweat loss and, therefore, avoid exacerbated levels of dehydration. It 
would appear, however, that attempts need to be made to avoid the number of workers reporting 
to the workplace with significant levels of dehydration. 
In a study of forestry workers, a situation in which there may be limited access to fluids, Biggs et al. 
(2011) observed that 43% of 103 workers in autumn were dehydrated at the start of their shift and 
this increased to 64% at the end of the shift. Similarly, in winter 47% of 79 workers were dehydrated 
at the onset of work and 63% were dehydrated afterwards. This would suggest that, in this working 
environment, fluid intake was not sufficient to replace fluid losses although further studies have 
suggested that adequate hydration status is likely to be restored by the following morning (Roberts 
and Donnelly 2006) which would be expected as a result of longer term regulatory processes of 
water balance. 
Miller and Bates (2010) set out a number of practical guidelines to assist in the avoidance of 
dehydration in manual workers. These include supplying workers with appropriate drinks containers 
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both prior to and during manual labour, drinking 0.6-1.0 L of fluid in a 2 – 3 hour period, providing 
electrolyte replacement solutions when in hot environments, encouragement of rehydration after 
shifts and education of workers regarding monitoring of their hydration status. The observations and 
practical applications described above apply mostly to occupations that involve a high degree of 
manual labour, but this is not the case for most workers. Despite this, it appears that a significant 
number of more sedentary (or at least less physically active) workers also begin work with 
inadequate hydration levels and remain in this condition throughout the working day (Mears and 
Shirreffs 2015). While the risk of heat illness and other health issues is likely to be relatively low in 
these individuals this is still an issue to be considered in the workplace. 
 
4. Hydration status and performance  
A considerable volume of research has been undertaken to investigate the effects of deviations in 
body water on physical capacity. Case studies demonstrate that prolonged physical activity in 
challenging environmental conditions without fluid ingestion can lead to collapse, significantly 
impaired physiological function and hypernatraemia (Noakes, Mekler and Pedoe 2008). Similarly, 
other case studies demonstrate that extreme over-ingestion of fluid during exercise can also lead to 
impaired physiological function and hyponatraemia which can, in rare cases, prove to be fatal 
(Noakes et al. 2004). These studies demonstrate that large acute disturbances in body water can 
undoubtedly affect performance and physiological function, but such extreme disturbances are 
relatively rare. The relatively small deviations from normal body water levels that are normally 
encountered appear to have little effect on performance and/or physiological function. Given that 
the main issue related to physical activity and hydration status is the increased rate of sweating and 
consequent water loss, most research has focussed on the impact of dehydration on exercise 
performance rather than hyperhydration. Despite the volume of research, much debate still exists 
regarding the point at which a reduction in body water is likely to affect physiological function. This 
is primarily due to methodological issues in experimental design in this area. 
Armstrong et al. (1985) observed that dehydration equivalent to about 1.8% of body mass on 
average induced via administration of a diuretic led to increases in running time and reductions in 
running velocity at distances of 1500m, 5000m and 10000m. Cheuvront et al. (2005) reported that 
total work performed during a 30 minute endurance exercise time trial in temperate conditions at 
50% VO2peak was less when participants were hypohydrated by 3% of their body mass than when 
they were euhydrated. Similarly, McConell et al. (1997) observed that endurance exercise 
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performance in a temperate environment was reduced when participants were hypohydrated 
compared to when prior fluid replacement was allowed. Nybo et al. (2001) demonstrated that 
undertaking exercise in a dehydrated condition reduced VO2max and time to fatigue in a warm 
environment when compared to a euhydrated condition. Similar observations have been reported 
by others (Barr et al. 1991; Below et al. 1995). A recent review by Cheuvront and Kenefick (2014) 
concluded that the majority of studies in this area have suggested that a reduction in body mass of 
2% or more is likely to reduce endurance exercise performance particularly when that exercise is 
performed in a hot environment. 
The effects of hypohydration on cardiovascular function have also been extensively studied. 
Gonzalez-Alonso et al. (1997) reported that stroke volume was reduced and heart rate increased in 
when participants were dehydrated and undertook exercise in a hyperthermic environment. This 
reflects at least in part the phenomenon of cardiovascular drift that has been reported to occur in 
prolonged exercise for at least 30 years (Nielsen et al. 1984; Roy et al. 2000). In addition to the 
impact of hypohydration on stroke volume and heart rate, Gonzalez-Alonso et al. (1998) have also 
reported a reduction in skin blood flow compared to the euhydrated state which could reduce the 
extent of heat loss and lead to increases in core temperature. An individual’s rating of perceived 
effort (RPE) at a given exercise intensity has also been shown to increase when exercising in a 
hypohydrated state compared to a euhydrated state (Below et al. 1995; Murray et al. 1995; Baker et 
al. 2007) which is likely to be another mechanism by which a reduction in body water negatively 
influences exercise performance. Interestingly, a recent study by Fleming and James (2014) 
demonstrated that habituation to undertaking exercise in a hypohydrated state reduced the 
detrimental effects of a reduction in body water on endurance exercise performance. This effect was 
not mediated by changes in cardiovascular system function but apparently by habituation reducing 
RPE. 
It has been suggested that a reduction in body water of 3-4% is required to induce detrimental 
effects on muscle function (Judelson et al. 2007). A recent meta-analysis of 28 articles (Savoie et al. 
2015) concluded that hypohydration results in meaningful reductions in anaerobic power, muscle 
endurance and strength and that the method of inducing the reduction in body water and training 
status were important considerations. In particular, hypohydration induced by passive means 
resulted in less effect on muscular performance than those that involved an active component. This 
meta-analysis also concluded that body-weight dependent muscular performance, such as vertical 
jumping ability, may be improved by a reduction in body water of 3% or more. 
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Relatively mild levels of hypohydration have been shown to negatively affect cognition. Many of the 
older studies in this area suffer from poor methodology, but recent studies use more robust 
methods.  Watson et al. (2015) required participants to follow a drinking regimen that involved 
ingestion of 25% of suggested daily guidelines on the day prior to the trial, resulting in a reduction in 
body mass of 1.1%. During a two-hour simulated driving task, a greater number of minor driving 
errors were recorded when participants were hypohydrated compared to when they performed the 
task having followed current drinking guidelines. Similarly, Lindseth et al. (2013) reported that flight 
performance and spatial cognition tests were reduced in pilots who were hypohydrated due to low 
levels of fluid ingestion compared to those who were euhydrated with adequate levels of fluid 
ingestion. Ganio et al. (2011) observed that mild hypohydration of approximately 1.5% body mass 
resulted in reduced cognitive aspects such as visual vigilance and visual working memory when 
compared to when euhydrated. These studies suggest that even mild levels of hypohydration appear 
to have a negative impact on cognition. 
Body water deficits can be avoided or reversed only by ingestion of drinks or water-containing foods, 
so much attention has been given to the development of appropriate drinking strategies during 
exercise. As previously discussed, relatively small acute reductions in body water (as assessed by 
changes in body mass) are unlikely to cause any negative effects on performance and, therefore, a 
drinking strategy that restores all body water lost during exercise is unnecessary. Similarly, generic 
advice to all physically active individuals is not appropriate due to the large individual differences in 
sweat losses that occur during exercise. In such a situation, this guidance would be sufficient for 
some individuals, but would cause some to become hypohydrated and would lead to excessive 
ingestion for others, with the accompanying risk of hyponatraemia. Water and electrolyte losses can 
be assessed during training in response to different environmental conditions, and a drinking 
strategy implemented to avoid reductions in body water that may negatively influence exercise 
performance (Maughan and Shirreffs, 2008). Alternatively, individuals can drink only when thirsty 
(Noakes 2012) or ad libitum. While these last two strategies are similar they differ in that drinking to 
thirst relies solely on the thirst response to drive fluid intake whereas drinking ad libitum involves 
other external cues in addition to thirst response. Armstrong et al. (2014) compared a drinking to 
thirst strategy to an ad libitum strategy in trained cyclists completing a 164km road cycle at an 
ambient temperature of 36 degrees. Although the percentage body mass lost and fluid intake was 
the same between the two groups, the authors concluded that an ad libitum strategy may be easier 
to implement as this involves less thought and consideration while exercising. 
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It seems clear that a single hydration strategy is not appropriate for all individuals and numerous 
confounding factors need to be considered. These include the individual’s water loss, individual 
preference of taste and familiarity with drinks, the ambient temperature, temperature of the drink 
and the carbohydrate and electrolyte content of the drink. An additional consideration is individual 
insusceptibility to gastrointestinal disturbance that may occur as a result of fluid ingestion during 
exercise. Relatively high intensity exercise (>70% VO2max) reduces the rate at which fluid is emptied 
from the stomach (Leiper et al. 2001) as does ingestion of solutions with relatively high carbohydrate 
concentration (Vist and Maughan, 1994). Consequently, ingestion of large volumes of water and/or 
solutions containing carbohydrate during exercise may lead to gastric discomfort in some 
individuals. While there is some evidence that it is possible to train the gastrointestinal system to the 
ingestion of these volumes (Jeukendrup and McLaughlin, 2011), it is still an important consideration 
when planning hydration strategies during physical activity. 
A body water deficit is normally present after after prolonged exercise, and there is a large body of 
research on post-exercise rehydration. If a single exercise session is completed during the day, there 
is no need for an aggressive rehydration strategy to be implemented as normal regulatory processes 
governing fluid intake will ensure that water balance is maintained over a 24 hour period. If a second 
exercise session is to be performed on the same day, a post-exercise rehydration strategy may be 
needed to ensure that euhydration is restored before the second session. The most important 
factors to consider are the volume and sodium content of fluid that is consumed. Shirreffs et al. 
(1996) observed that a volume greater than that lost during exercise is required to account for 
obligatory urine losses. This is typically translated as 1.5L for every 1.0 kg of body mass lost during 
exercise. It also seems as though the rate at which fluid is ingested is an important consideration 
with high rates of fluid ingestion less effective at maintaining fluid balance over a recovery period 
than low rates of ingestion of the same volume (Kovacs et al. 2002). The composition of a 
rehydration solution is likely to alter the effectiveness of that solution to maintain fluid balance over 
a recovery period. The most important constituent of a rehydration solution is the sodium 
concentration as this is the most abundance ion in the extracellular fluid and, therefore, has a 
significant impact on plasma osmolality. The addition of sodium to a rehydration solution has been 
shown to improve its effectiveness at maintaining fluid balance during a recovery period (Shirreffs 
and Maughan 1998). The addition of carbohydrate and protein to a solution may also be of benefit 
as the addition of these nutrients reduces the rate of gastric emptying and overall water absorption 
ensuring that water loss is minimised due to the avoidance of large changes in plasma volume (Evans 
et al. 2009; James et al. 2011). An additional consideration is whether food is ingested alongside a 
solution. Water is not considered to be an adequate rehydration solution when ingested on its own 
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as it is rapidly absorbed into the blood and causes a relatively large reduction in plasma volume and 
a diuresis (Nose et al. 1988), but when ingested alongside a meal containing adequate electrolytes, 
water may be a suitable rehydration solution (Maughan et al. 1996). 
 
5. Hydration for recreational activity  
Regular, moderate physical activity is known to induce numerous health benefits, and 
cardiorespiratory fitness is considered an independent risk factor for a number of disease states 
(Bouchard et al. 2015). Physical activity is therefore often prescribed to improve health. While 
physical activity alone does not appear to induce large degrees of weight loss, it does have beneficial 
effects on body composition and the incorporation of physical activity into a weight loss strategy 
that also includes restriction of energy intake is likely to produce the greatest degree of body mass 
loss (Wu et al. 2009). In addition, the extent of weight regain after a period of weight loss is likely to 
be lower if physical activity is incorporated into the initial weight loss strategy (Wang et al. 2008). An 
individual’s rating of perceived exertion (RPE) during physical activity is a key regulator of self-
selected exercise intensity and will likely determine whether that individual continues or terminates 
an exercise session. Consequently, factors that alter an individual’s RPE during exercise are of 
interest to insure compliance with exercise strategies used to promote health. 
The sensation of effort during exercise is a complex phenomenon involving numerous physiological, 
psychological and social factors (St Clair Gibson et al. 2003) and is typically assessed using a Borg 
scale (Borg, 1982). Briefly, the perception of effort during exercise involves integration of 
physiological mediators (such as ventilation, availability of energy substrate and skin temperature) 
with psychological factors (such as motivation, mood state and experience), exertional symptoms 
(such as heavy breathing and sweat rate) and, in the case of elite athletes, performance 
considerations, by the sensory cortex. This results in a perceptual response that will determine the 
perceived effort of exercise (Robertson and Noble, 1997). The strongest physiological mediators of 
RPE are respiratory rate, sensation of strain in muscles and joints, perception of body temperature 
and limb movement speed (Robertson and Noble, 1997). Given the close relationship between core 
body temperate, sweat rate, skin temperature and hydration status it is no surprise that there is 
interest in determining whether an individual’s hydration status influences their perception of effort 
during exercise. 
Few, if any, studies have been carried out specifically to study the effect of dehydration on RPE 
during exercise. Instead, RPE has been measured as a secondary outcome measure in studies 
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examining the effect of dehydration on other markers of physiological function. In some of these 
studies, subjects began exercise in a dehydrated state while in others dehydration was induced by 
withholding fluids during exercise. Cheuvront et al. (2005) induced dehydration via heat 3 hours of 
heat exposure that resulted in a 3% reduction in body mass prior to undertaking a 30 minute 
exercise trial at 50% VO2max and a 30 minute time trial. No differences between in RPE were 
observed between the euhydrated or dehydrated states.  Similarly, Kenefick et al. (2006) reduced 
body water by 1.7-1.8L via 75 minutes of exercise in hot conditions before a 75 minute heat 
tolerance test involving running exercise. During this heat tolerance test, there was little difference 
in RPE when participants were euhydrated than when dehydrated. In contrast, Riebe et al. (1997) 
induced a level of 4% dehydration via exercise in the heat before a period of rehydration or no fluid 
ingestion. During a subsequent exercise test, RPE was significantly higher in the dehydrated state 
than in the euhydrated condition. Similar findings of an increase in RPE when previously dehydrated 
compared to a euhydrated condition have been observed by Fleming and James (2013) and 
Gonzalez-Alonso et al. (1995). On balance, it would seem that beginning exercise in a dehydrated 
state is likely to lead to a small but meaningful increase in RPE. 
Montain and Coyle (1992) showed an association between the extent of dehydration accrued during 
prolonged exercise in a warm environment and the RPE.  Watson et al. (2006) reported a significant 
increase in RPE when participants undertook an intermittent exercise trial at 55% VO2max in hot 
conditions without fluid ingestion compared to when plain water was ingested to match sweat 
losses i.e. dehydration was allowed to accrue. Similarly, Baker et al. (2007) observed that 3 hours of 
treadmill walking without fluid replacement led to an increase in RPE in comparison to when fluid 
replacement was allowed. Ishijima et al. (2009) reported that 90 minutes of cycle exercise at 55% 
VO2max without fluid ingestion led to greater RPE than when exercise was undertaken with fluid 
ingestion. These observations would suggest that dehydration accrued while exercising for longer 
than 30 minutes may also lead to a small but meaningful increase in RPE. 
Several mechanisms may explain why hypohydration may lead to an increase in RPE, including both 
physiological and psychological factors. As discussed previously, hypohydration leads to a reduction 
in stroke volume and an increase in heart rate (Gonzalez-Alonso et al. 1997) as well as a reduction in 
skin blood flow (Gonzalez-Alonso et al. 1998). In addition, a reduction in body water leads to a 
reduction in VO2max with greater losses resulting in greater effects. Blood-brain-barrier permeability 
may be altered (Watson et al. 2006) and cerebral perfusion reduced (Carter et al. 2006) in response 
to hypohydration resulting in a direct effect on the central nervous system. Hypohydration also leads 
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to dryness of the mouth, thirst and headaches which could ultimately affect mood state and 
psychological factors that alter the perception of effort (Shirreffs et al. 2004).  
A substantial body of evidence therefore exists to suggest that starting exercise in a hypohydrated 
state or allowing hypohydration to occur during exercise results in an increased perception of effort. 
The effect of hypohydration on RPE is an important consideration for situations of occupational 
activity as well as the prescription of physical activity for health and wellbeing. Consequently, in 
these situations, individuals should be provided with the opportunity and education to ensure they 
are adequately hydrated prior to beginning work or an exercise session so that the effect of 
hydration status on RPE is not negatively influencing the activity in question. 
 
6. Hydration as part of a healthy lifestyle  
As outlined previously, moderate reductions in body water are common as a result of physically 
active lifestyles and these reductions may lead to changes in cardiovascular function as well as 
impairing cognitive processes and mood. These observations are important for physical performance 
in elite athletes as well as physically active members of the general public and for those with 
occupations that involve manual work. What is less clear, perhaps, is the effect of acute and chronic 
reductions in body water on health. The majority of work in this area has focussed on elderly 
populations. 
Few studies have adequately examined the effects of hydration status on chronic disease, but there 
are some suggestions that a low fluid intake (and, therefore, hypohydration) may be linked to 
urinary stones (urolithiasis), constipation, bladder and colon cancer, hypertension and diabetic 
ketoacidosis (Manz and Wentz, 2012). These observations should be treated with caution, however, 
due to the lack of studies demonstrating causality. 
The ageing process results in a reduction in fat-free mass, reduction in bone mass and a reduction in 
total body water as well as a blunted thirst response leading to an increased risk of hypohydration in 
older individuals. Hydration status is known to be a factor in disease progression for a number of 
medical disorders. Hypohydration is thought to predispose to infection which, in elderly populations, 
can be fatal in up to 50% of cases if not diagnosed early (Ferry, 2012). In an analysis of UK death 
certificates between 2005 and 2009, it was observed that 667 deaths were due to dehydration 
compared to 157 as a result of malnutrition: it is, however, difficult to determine whether 
dehydration was the causative factors in these deaths (Maughan et al. 2012). 
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Leiper et al. (2005) observed that water turnover, as assessed via a deuterium oxide tracer, was 
significantly slower in elderly individuals living in a residential care home than those who lived at 
home. Similarly, Wolff et al. (2015) reported that 12% of elderly patients admitted to hospital from a 
residential care home were hypernatraemic upon admission compared to 1.3% of age-matched 
patients admitted from home. The extent of hypernatremia upon admission is related to likelihood 
of in-hospital mortality (Wolff et al. 2015) and, consequently, patients from residential care homes 
had a greater likelihood of in-hospital death than those who lived at home. Similar results were 
reported by El-Sharkawy et al (2015).These observations indicate that elderly individuals, particularly 
those in care homes, should be targeted by care workers to ensure adequate water ingestion and 
avoidance of hypohydration. 
Quality of life is of primary importance in elderly individuals and is often assessed as a profile of 
physical, psychological, independence, social relationships, environmental and spiritual domains. In 
a study of 82 residents of Australian care homes, Courtney et al. (2009) reported that quality of life 
was positively correlated with clinical care indicators. The three main indicators that affected quality 
of life were poor hydration status, number of fall incidents and depression. These areas may be 
targeted to improve quality of life in residential care and improvements in hydration may be one of 
the easiest and most cost-effective ways to achieve this. 
It seem clear from this evidence that certain populations, such as the elderly, are more susceptible 
to the impact that reductions in body water can have on health. Further evidence of this can be seen 
when examining the effects of changes in environmental temperature on morbidity and mortality. 
Sardon (2007) reported that temperatures throughout Europe were several degrees higher between 
June and September 2003 compared to other years. In an analysis of 2003 heatwave days compared 
to the years from 1990 to 2004, D’Ippoliti et al. (2010) observed that there were 8% more deaths in 
Munich, 10% more deaths in London, 27% more deaths in Rome and 34% more deaths in Milan. In 
Mediterranean cities, where the heatwave had the largest impact on temperature, the percentage 
increase in all-cause mortality compared to other years was greatest in those aged 85+ years and 
was higher in females than males. Similar observations have been made in Australia. Nitschke et al. 
(2007) analysed daily ambulance transports, hospital admissions and mortality over a 13 year period 
from 1993 and compared heatwaves to non-heatwave periods. Total mortal was unaffected during 
heatwaves, but ambulance transports and hospital admissions increased by 4% and 7% respectively. 
Total mental health and renal health hospital admissions were increased by 7% and 13% 
respectively. Similarly, Khalaj et al. (2010) surveyed 1,497,655 emergency admissions to hospital in 
sites across New South Wales. It was observed that on days of extreme heat, hospital admissions for 
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heat illness, dehydration and electrolyte disturbance were increased whereas hospital admissions 
from other causes were not. Individuals with underlying medical conditions affecting the nervous, 
circulatory, respiratory and/or renal systems were particularly affected by the high environmental 
temperatures. It seems clear that certain populations, particularly the elderly and those with 
underlying medical conditions, are most at risk of high environmental temperatures and that this is 
likely to be at least partly due to the effect on hydration status.  
Warren et al. (1994) examined the economic impact of hospital admissions due to hypohydration in 
US elderly adults. Almost 7% of hospitalizations in 1991 had dehydration listed as a diagnosis with 
1.4% listed as the primary diagnosis. This resulted in US$446 million (at 1991 prices) in Medicare 
claims suggesting that hypohydration-related hospital admissions have a significant economic 
impact. From these observations, it seems that the avoidance of hypohydration in these situations is 
a relatively straightforward but potentially effective intervention in certain populations for 
improving public health.  
Much attention has been given to the acute and chronic effects of hypohydration, but large acute 
increases in body water, though less common than hypohydration, can also be hazardous. Over-
hydration can occur as a result of the ingestion of water in excess of the amount needed to maintain 
euhydration, an electrolyte deficit, and/or an inability of the renal system to compensate for these 
changes by appropriate adjustments of renal function (Hew-Butler et al, 2015). As with 
hypohydration, over-hydration is unlikely to lead to serious health consequences in healthy 
individuals, but occasionally it can be fatal. If the concentration of sodium in the extracellular space 
falls, water moves from the interstitial space into the cellular compartment, leading to swelling of 
cells. In most tissues this is of little consequence, though it may have implications for a number of 
cellular functions (Lang, 2011). If sufficiently severe, however, an increase in intra-cranial pressure 
will result and symptoms associated with “water intoxication”, including headache, nausea, 
confusion and changes in behaviour, may appear. If intra-cranial pressure continues to increase, this 
can lead to central nervous system dysfunction, coma and death. Exercise associated hyponatremia, 
brought about by ingesting a greater volume of water than is lost via sweat, has been associated 
with several deaths and was reported in 13% of finishers of the Boston marathon in 2002 despite 
these individuals showing no clinical symptoms (Almond et al. 2005). A number of non-exercise 
cases of “water intoxication”, brought on due to excessive fluid ingestion, have also been described. 
These include cases from fraternity initiation practices, co-ingestion of large volumes of fluid with 
recreational drugs such as MDMA, water ingestion during weight loss plans and social competitions 
involving large volumes of fluid intake (Hew-Butler et al, 2015). 
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7. Conclusion 
Despite the abundance of water in the human body, it is important to maintain levels within narrow 
limits. This is achieved by matching water intake and water output. An imbalance between water 
intake and output leads to either hypohydration or over-hydration. Chronic water imbalances are 
usually relatively mild: homeostasis will be restored due to normal regulatory processes. Acute 
imbalances can, if sufficiently severe, lead to changes in physiological function that can affect 
performance of physical activity and, in extreme cases, can lead to serious health consequences. 
Some elite athletes, exercisers and manual workers have been shown to begin activities in a 
hypohydrated state, even when there is a high risk of potentially harmful hypohydration. Sweat 
rates and fluid intake during physical activity both vary greatly between individuals. Undertaking 
physical activity in a hypohydrated state leads to an increase in subjective effort which may have an 
impact on exercise performance as well as self-selected exercise intensity. Some populations, such 
as the elderly, are more likely to become hypohydrated and they, and those who care for them, may 
need specific hydration advice in order to avoid potential adverse health consequences. 
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Table 1: Typical values (mL) of different avenues of daily water input and output for a 70-80 kg 
sedentary male living and working in a temperate environment.  
Water Intake Water Output 
Variable Volume (L) Variable Volume (L) 
Water consumption 1.6 Urine 1.4 
Water in food 1.0 Respiration 0.3 
Metabolic water production 0.4 Skin (transcutaneous) 0.5 
 Sweat 0.7 
Faeces 0.1 
Total 3.0 Total 3.0 
 
